Abstract: Two forms of xyloglucan endotransglycosylase differing in isoelectric points were isolated from the protein mixture obtained from parsley roots and partially characterized. Both forms were glycoproteins differing in their specific activities but other features were almost the same. Activity and stability of both enzymes in broad pH region were observed with two pH optima, one at acidic pH (5.8) and the second one at basic pH (8.8). The enzymes behaved as typical transglycosylases since no activity was observed in the absence of xyloglucan oligosaccharides in the viscometric assay. Small hetero-transglycosylating activities were observed when hydroxyethyl-or carboxymethyl-celluloses instead of xyloglucan as donor substrate were used as well as when cello-oligosaccharides instead of xyloglucan oligosaccharides were used as the acceptor substrate.
Introduction
Xyloglucan (XG) is one of the major hemicellulosic polysaccharides in the primary cell walls of dicotyledonous plants. It coats and cross-links adjacent cellulose microfibrils through non-covalent associations (Hayashi 1989; McCann et al. 1990; Rose & Bennett 1999) . It is supposed to play a key structural role in primary plant cell wall and its degradation or modification are central elements in models of wall growth (Rose & Bennett 1999) .
In plants, specific endolytic activity toward XG has only been demonstrated for members of glycoside hydrolase family 16 (Coutinho & Henrissat 1999) , encoded by the XTH (xyloglucan endotransglycosylase/hydrolase) gene subfamily (Rose et al. 2002) . The gene products of this subfamily operate with a double displacement/retaining mechanism of glycosyl transfer where a covalent glycosyl enzyme intermediate can partition between two mechanistic pathways. It can be either hydrolyzed [glycosyl transfer to water; xyloglucan endohydrolase (XEH) action] to yield cleavage products, or it can be intercepted by an oligosaccharide or polysaccharide acceptor substrate to yield a transglycosylation product [glycosyl transfer to carbohydrate; xyloglucan endotransglycosylase (XET) action] (Sinnott 1990; York & Hawkins 2000) . These two actions are likely to have distinct physiological functions as they could have entirely different effects on wall integrity, depending on the nature of the acceptor molecules (Rose et al. 2002) .
The majority of the XTH gene products for which full kinetic data exist have been shown to have very little or no detectable hydrolytic activity (Baumann et al. 2007 ) and are thus predominant or strict XETs (EC 2.4.1.207). Slight indication of hydrolytic activity was considered as a result of formation of enzyme-substrate complex rather than XEH activity (Van Sandt et al. 2006) . Several enzymes have been described having both XEH and XET activity as in nasturtium (Edwards et al. 1986; Farkaš et al. 1992; de Silva et al. 1993; Fanutti et al. 1993 Fanutti et al. , 1996 Steele et al. 2001; Sulová et al. 2003; Chanliaud et al. 2004) , ripe kiwifruit (Schröder et al. 1998) or exclusively endohydrolytic activity as in azuki bean epicotyls (Tabuchi et al. 2001) .
XET activity has been detected in vivo in a wide variety of plants and tissues (Vissenberg et al. 2000 (Vissenberg et al. , 2003 Bourquin et al. 2002; Fry 2004; Van Sandt et al. 2006) . Plant extracts usually contain multiple forms of XET (Farkaš et al. 2005 ). This situation is not surpris-
ing in view of the fact that in known plant genomes a number of ORFs potentially encoding XET proteins (Yokoyama & Nishitani 2001; Yokoyama et al. 2004; Geisler-Lee et al. 2006; Saladie et al. 2006 ) have been identified. One possible reason for the large number of XET isoenzymes is that they may differ in preferred cleavage site along the donor substrate's backbone and thus fulfil different functions (Steele et al. 2001; Sulová et al. 2003) . In addition, Ait Mohand & Farkaš (2006) and later Hrmová et al. (2007) found for XETs from nasturtium seeds and barley hetero-transglycosylating activities. These results suggest the ability of the enzyme to catalyze the formation of interpolymeric glycosidic linkages between different types of polysaccharides also in vivo.
The pH-activity profiles of XET isoforms fall into three classes (Steele & Fry 2000) . Some of them had a relatively sharp pH optimum at 5.0-5.5 (Schröder et al. 1998; Steele & Fry 2000; Saura-Valls et al. 2006) and the others at ∼6.5 (Steele & Fry 2000) . However, there is a group of XETs, which exhibit a broad pH optimum such as enzyme from nasturtium seeds and Selaginella krasiana (Van Sandt et al. 2006) or some forms of XET from mung bean seedlings (Steele & Fry 2000) . This fact may suggest action not only in the primary cell wall but in different sub-cellular locations, possibly including endo-membrane vesicles during the transport of XGs from their site of synthesis in Golgi bodies to their destination in the wall (Steele & Fry 2000) . In addition, the broad pH optimum allows the enzyme to be active in a wide range of physiological conditions (Van Sandt et al. 2006) .
Our preliminary analyses have shown that extracts of parsley (Petroselinum crispum) contain only one form of XET. For this reason, we were interested to investigate properties of this enzyme, apparently capable to fulfil the roles of its numerous counterparts in other plant species.
Material and methods

Substrates
Polysaccharides used in this study were of the following origin: tamarind seed XG was from Dainippon Pharmaceutical Co., Ltd, Osaka, Japan; Na-carboxymethylcellulose (CMC), medium viscosity from Serva; hydroxyethylcellulose (HEC) from Fluka and laminarin from Sigma.
XG-derived oligosaccharides DP 7-9 (XGOs) were prepared by digestion of XG with Trichoderma cellulase (Sulová et al. 1995) , cello-pentaose by acetolysis of cellulose (Wolfrom & Thompson 1963) , laminari-oligosaccharides DP 2-8 by partial hydrolysis of laminarin in 2 M trifluoroacetic acid for 30 min at 100
• C. After hydrolysis, the oligosaccharides were purified by passing through a column of Sephadex G-15 (2.5 cm × 110 cm) eluted with water. The oligosaccharides were converted to corresponding 1-deoxy-1-aminoalditols (glycamines) by reductive amination (Fry 1997) or by electroreduction of their oximes (Fedoroňko et al. 1998 ) and subsequently coupled with sulforhodamine as described by Kosík & Farkaš (2008) . Radioactive alditols from oligosaccharides derived from XG were prepared by reduction with Na-borotritide [
3 H]NaBH4 (ICN Radiochemicals, San Diego, CA) as described earlier (Sulová et al. 1998 ). [1-
3 H]Cello-pentaose was prepared by exposing cellopentaose to tritium gas (Wilzbach 1957) in the Institute for Nuclear Research, Řež, Czech Republic.
Activity assays
XET activity assays were performed by three different methods.
Radiometric method (Fry et al. 1992 ) utilized radioactive alditols of XG octasaccharide as acceptor substrate. This method is based on the fact that the polymeric XG as well as cellulose from reaction mixture are strongly bound on Whatman 3MM filter paper, while unincorporated XGOs are removed from paper by exhaustive washing with tap water (1 h). After drying, the amount of incorporated [
3 H]XGOs was assayed by scintillation counting (Liquid Scintillation Analyzer Tri-Carb 2800TR, Perkin-Elmer, Illinois).
Standard XET assay was performed in 0.1 M citratephosphate buffer at pH 5.8 at laboratory temperature (except the determination of temperature optima at temperatures from 25 to 60
• C). The thermal stability of XTH was evaluated after 2 h of incubation of enzyme solutions at 25-60
• C followed by enzyme assay at laboratory temperature. The pH optimum was evaluated using appropriate 0.1 M citrate-phosphate, Tris and glycine-NaOH buffers in the range of pH 3.8-9.8.
A modification of the radiometric assay was used for determination of XG transfer to [1-
3 H]cello-pentaose. Incubation of substrates with the enzyme was performed under the same conditions as described for XGOs. The highmolecular reaction products were precipitated with 70% ethanol and centrifuged (10 000 × g, 10 min). The free [1-3 H]cello-pentaose was removed with the supernatant. This procedure was repeated several times to wash out all unbound cello-pentaose from the precipitate. The final product including incorporated [1-
3 H]cello-pentaose was dissolved in 200 µL water at 50
• C, mixed with 500 µL of Insta-Gel (Packard Instrument Co., Illinois) and assayed for 3 H by scintillation counting.
Fluorimetric method utilized a mixture of XG oligosaccharides labelled with sulforhodamine (XGOs-SR) as glycosyl acceptors. Aliquots of reaction mixture (2-4 µL) were spotted on Whatman 3MM filter paper, unreacted XGOs-SR were first washed out with mixture of formic acidethanol-water (1:10:9, v/v/v) for 1 h and then with tap water (1 h). After drying, the incorporation of labelled oligosaccharides was detected under UV light. This method was used only for qualitative estimation of XET activity in fractions obtained during purification process. Application of the same principle for the detection of activities in gel utilizing XGOs-SR and laminari-oligosaccharides coupled with sulforhodamine (LaOs-SR) was done according to the modification described by Farkaš et al. (2005) .
The viscosity measurements were performed by incubating 0.7% XG solution (1 mL) with solution of XET (0.1 µg/10 µL) with or without added XGOs (0-96 µg/mL of the reaction mixture). The assays were performed during 400 min at pH 5.8 and 8.8, 29
• C in Cannon-Manning semimicro viscometer. The activity was computed as the initial slope of the time-dependent decrease in relative specific viscosity (Buchholtz et al. 1984) .
Potential hydrolytic activities of XET as well as of contaminating xyloglucanases or cellulases were estimated by Somogyi method (1952) . The activities were assayed at laboratory temperature or 29
• C (parallel to viscometric assay) in time intervals by measuring the increase of reducing sugar groups at 530 nm. As substrates, 0.7% XG or 0.8% HEC in 0.1 M citrate-phosphate buffer, pH 5.8, were used. The presence of endoglucanase activity with XG as substrate was determined colourimetrically according to Sulová et al. (1995) .
Extraction of XET from parsley roots Three kg of parsley roots (Petroselinum crispum cv. Olomoucká dlouhá) from October 2005 crop were collected from the same field, and were processed immediately after harvesting. The first step of enzyme extraction was performed using a juice extractor ES-3551 (Severin, Sundern, Germany). The proteins retained in pulp were extracted with 0.1 M imidazole solution, pH 6.0 containing 1M NaCl in the cold for 12 h. After filtration and centrifugation (23 650 × g, 20 min, 4
• C) the obtained juice was precipitated with ammonium sulphate (Merck, Germany) to 100% saturation (24 h, 4
• C), centrifuged again, dissolved in a small amount of 1 M NaCl solution, dialyzed against distilled water and freezedried. This process was followed by separation of obtained substances on a Biogel P-30 (Bio-Rad, Richmond, California) column (100 × 2.5 cm) in 0.05 M citrate-phosphate buffer, pH 5.4 with 0.15 M NaCl (the flow rate was about 4 mL/20 min). Fractions with XET activity were collected, dialyzed against distilled water and freeze-dried.
XET localization in cell structures
The fractionation of parsley root cells was provided by differential centrifugation. All operations were carried out in solution of 0.3 M D-mannitol in 0.02 M acetate buffer, pH 5.0 at 4
• C. The homogenate of 20 g of parsley roots was used as a starting material. The fractions of cell walls, plastids, mitochondrial pellet and microsomal membranes were obtained as sediment after centrifugation at 800 × g for 10 min, 4000 × g for 10 min, 15 000 × g for 10 min and 200 000 × g for 30 min, respectively. Cytosol remained in the last supernatant. All sediments were washed out several times with isolation buffer until no absorbance at 280 nm was observed in the supernatant. Fractions were suspended, dialysed against distilled water, freeze-dried and analyzed for protein content (Bradford 1976 ) and XET activity. Before isoelectric focusing (IEF), the samples were dissolved in a small volume of distilled water. Optima L-90K preparative ultracentrifuge was used for higher speeds and Allegra X-22R for lower ones (both Beckman Coulter, Fullerton, California).
Purification of XET
XET from parsley roots was partially purified using affinity and gel-permeation chromatographies as well as preparative IEF.
The desalted protein mixture was applied on concanavalin A-sepharose (Pharmacia, Sweden) column (40 × 10 mm) in 0.1 M acetate solution at pH 6.0 with addition of 1 M NaCl, 1 mM MnCl2, 1 mM MgCl2 and 1 mM CaCl2 (fractions of 1 mL). 0.5 M methyl-α-Dmannopyranoside (Sigma, Germany) in 0.1 M acetate solution at pH 6.0 containing 1 M NaCl was used as an eluting agent. FPLC (Pharmacia, Sweden) was performed on Superdex 75, 10/300 GL column in 0.05 M phosphate buffer, pH 7.0, 0.15 M NaCl. The flow rate was 0.5 mL/min.
The separation of individual XET forms was performed using preparative IEF in the pH region 3-10. After IEF, the gel was divided into segments less than 2 mm wide. The proteins were then washed out from the segments by water and XET activity was detected radiometrically.
Characterization of XET
Ultrathin-layer IEF in polyacrylamide gels on polyester films was performed as described by Radola (1980) . Standards (Protein Test Mixture for pI-Determination, pH 3-10, Serva, Heidelberg, Germany) were stained with Serva Violet 49. Visualization of XET activity on the gel was done by the zymogram technique of Farkaš et al. (2005) .
Approximate relative molecular masses (Mr) of enzymes were determined by gel filtration on a Superdex 75 HR 10/30 column connected to a FPLC device in 0.05 M phosphate buffer, 0.15 M NaCl, pH 7.0. Albumin, bovine serum (66 kDa), carbonic anhydrase (29 kDa) and cytochrome c (12.4 kDa) were used as the standards (MW-GF-1000, Sigma).
Michaelis parameters of the major XET form were determined at its pH optima (pH 5.8 and 8.8, respectively) utilizing the initial velocities at four different concentrations of XG and radioactive XGOs. The concentrations of XG ranged from 1 to 5 g/L at pH 5.8 and from 0.5 to 1.5 g/L at pH 8.8. XGOs were used in the range from 0.6 to 3.1 µM. Experiments were performed at 29
• C and Km calculated from double reciprocal linear regression.
Results and discussion
Although the known plant genomes predict a number of forms of XET ( Since the existence of multiple forms of XET could be explained as due to differences in preferred cleavage sites along the donor substrate's backbone (Sulová et al. 2003) it seemed interesting to characterize the XET which is produced in a plant species in a single form apparently able to substitute the normal spectrum of forms.
The crude protein extract from parsley roots was applied to Biogel P 30 column (Fig. 1) . Fractions with XET activity were combined, desalted and after freezedrying used as the starting material for further work. No activities of hydrolases interacting with XG or hydroxyethyl-or carboxymethyl-cellulose were detected in this material.
Two forms of XET were observed in this protein mixture (Fig. 2) . The isoelectric point of the major form (the one with higher activity) corresponded to 4.6 and that of the minor form to 4.75. These results obtained utilizing XGOs-SR were confirmed by the radiometric assay.
Determination of pH-activity profiles in crude extract (Fig. 3A) showed the presence of two pH optima, one in acidic (pH 5.8) and the second in the basic region (pH 8.8). Interestingly, the pH-profiles of XET activity of the individual isolated forms showed similar pattern (Fig. 3B) . Both forms showed identical broad pH region of their action with two pH optima at pH 5.8 and pH 8.8. The stability of both isoenzymes in pH region 4.4-9.2 was very high (Fig. 3A) . The recovery of activity at pH 4.5-5.5 was about 90% and at pH 6.0-9.2 about 70% after standing for 24 h at laboratory temperature. Fig. 2 . Isoelectric focusing in ultrathin polyacrylamide layers (pH gradient 3-10) of XET from parsley roots. About 5 µg of the protein extract were applied. XET activity was detected by the zymogram technique (Farkaš et al. 2005) . As the pI standard, Test Mix 9 (Sigma, Germany) was used and visualized with Coomassie blue.
XETs with such a broad pH action were described previously (Steele & Fry 2000; Sulová et al. 2001; Van Sand et al. 2006) , too. As mentioned before, the action of XETs with broad pH optimum in various sub-cellular parts of cells can be supposed (Steele & Fry 2000) as well as the possibility that they are active in different physiological conditions (Van Sand et al. 2006) .
Fractionation study with parsley roots showed that the main part of XET activity (∼89%) was located in the cell walls. About 10% of the total activity was detected in cytosol. The remaining 1% of activity was divided between sub-cellular fractions including plas- tids, mitochondria and microsomal membranes. Only the major form of XET was found in the cell wall extract and cytosol after IEF (results not shown). The absence of minor form might suggest its presence in some of sub-cellular structures. Further research was focused on the enzyme released from the cell walls.
The temperature optimum of XET was 29
• C, but the thermal stability of enzyme was relatively low (Fig. 4) .
The glycoprotein character of XETs from parsley roots was proven by their interaction with concanavalin A bound to sepharose (Fig. 5) . The elution profile of XET activities was the same for proteins released from the cell wall as well as for those released from the whole cells. The presence of a mannose type glycosylation can be supposed, the same type as for most XETs from various sources with the exception of XET from nasturtium seeds which was claimed to be non-glycosylated (de Silva et al. 1993) .
The attempt to deduce the molecular mass of XETs from the molecular mass distribution of glyco- proteins eluted from concanavalin A-sepharose on Superdex 75 column was made. Calibration proteins were used for M r calculation, but the elution volume of XET corresponded to unreal low molecular mass. The same was observed for XET from nasturtium seeds, when the elution volume of the enzyme with 29 kDa (as determined with SDS-PAGE) corresponded only to 5.9 kDa on Superdex 75 (results not shown). The affinity of XTHs to the column matrix can be supposed.
Kinetic analysis was performed at both pH optima of major form of XET. While K m values for XGOs were very similar at both pH optima (1.23 × 10 −4 M at pH 5.8 and 1.37 × 10 −4 M at pH 8.8, respectively) for XG they differed (0.565 g/L at pH 5.8 and 2.42 g/L at pH 8.8, respectively). A strong inhibition with higher concentrations of XG was observed especially at pH 8.8 where the linearity of reaction in dependence on XG concentration was limited.
The XG-degrading activity of XET from cell walls was dependent on the addition of XGOs and increased with their increase at both pH optima (Fig. 6A,B) . The main feature was the extremely low XG-degrading activity on XG solution without XGOs. No hydrolytic activity based on reducing sugar release determination was detected during these reactions, neither in the presence or absence of XGOs. All these features justified enzyme as a typical xyloglucan endotransglycosylase. XETs from hybrid aspen Populus tremula × Populus tremuloides (Kallas et al. 2005) or from barley (Hrmová et al. 2007 ) are other examples of enzyme with undetectable xyloglucanase activity.
The major form of XET was tested for capability to catalyze hetero-transglycosylation reactions, too. The potential transfer of unlabelled donor polysaccharides into labelled acceptor oligosaccharides was screened with following pairs: XG/XGOs, HEC/XGOs, CMC/XGOs and XG/cello-oligosaccharides, XG/LaOs. 3 H-labelled XGOs, [1-
3 H]cello-pentaose and LaOs-SR were used. Modified cellulose (CMC or HEC) can serve as an alternative donor substrate instead of XG when XGOs are used as acceptors in the reaction. The efficiency of individual polysaccharides as glycosyl donors decreased in the order XG>HEC>CMC as was firstly mentioned in the work of Ait Mohand & Farkaš (2006) . This ratio for parsley XET was 100% (XG):4.3% (HEC):0.8% (CMC). It can be compared with ratio for XET from nasturtium (Ait Mohand & Farkaš 2006) and from barley (Hrmová et al. 2007 ) which were 100% (XG):23% (HEC):3.9% (CMC) and 100% (XG):44.2% (HEC):0.4% (CMC), respectively. These results may indicate that generally all XETs have potential to utilize modified cellulose as the glycosyl donor but the ratio is different. On the other hand, the results are not so unambiguous for cello-oligosaccharides as an acceptor substrate. Fanutti et al. (1996) declaimed that for the function of acceptor the xylosyl substitution of oligosaccharide in positions +2 or +3 is necessary. Ait Mohand & Farkaš (2006) found an evidence for XG incorporation into cello-oligosaccharides and LaOs but results were not quantified. Both works were provided with nasturtium XET. Hrmová et al. (2007) published for barley enzyme 0.1% of activity in comparison with the wild type one (XG/XGOs), Baumann et al. (2007) found for XET from poplar no activity. The activity of XET from parsley on XG/[1-
3 H]cello-pentaose was 0.4% of activity on XG/XGOs. No activity was detected when LaOs-SR instead of XGOs-SR were used. The only case when LaOs were successfully used as an acceptor substrate was published for nasturtium enzyme (Ait Mohand & Farkaš 2006 ).
Conclusion
Two forms of XET differing in isoelectric points were identified in parsley roots. Only the major form was detected in the cell wall extract and the cytosol. The major form possessed the ability to cleave XG or soluble cellulose derivatives and transfer their parts to XGOs or cello-oligosaccharides. It has no xyloglucanase activity in the absence or in the presence of XGOs. The role of this enzyme is probably not only to reconnect the XG chains and to restructure the xyloglucan/cellulose network but it might have a capability to catalyze linkages between XG and cellulose in the wide range of physiological conditions. The purification to homogeneity, sequence analysis and the placement to the XET phylogeny is the aim of our present work.
